Abstract A set of low-copy-number vectors (pPD) has been constructed that permit selectwe gene expression and high-level protein overproduction in Eschenchta cob, based on the bacteriophage T7 RNA polymerase/T7 promoter system These plasm~ds carry a chloramphemcol resistance gene (cat) as a selectwe marker and an extended multiple cloning site for convement gene cloning Their rephcatton is mediated by on sequences derwed from the low-copy-number vector pSCI01 The efficient T7 gene 10 promoter present on these vectors allows selective and high-level transcription of cloned genes carrying their own translational m~tmt~on signals In ad&tlon, low-copy-number T7 vectors were constructed that permit expression of genes lacking their own transcription and translation mltmtlon elements by providing a ribosome binding site, an ATG start codon and a multiple cloning site dewsed for the cloning m all three reading frames The pPD expression vectors were used to achieve h~gh-level overproduction of the E cob integral outer membrane protein Tsx, and the cytoplasmic enzymes /3-galactosldase (/3Gal) and UTP a-D-glucose-lphosphate undylyltransferase (GalU) The charactensttcs of these low-copy-number T7 expression vectors should prove very useful for the cloning and high-level overexpresslon of genes whose gene products are deleterious to the E colt host
Introduction
The T7 RNA polymerase/T7 promoter system estabhshed by Tabor and Richardson [1] and Studter and Moffatt [2] ~s an extremely valuable tool for high-level gene expression and effictent protein overproductton In recent years, several versatile T7 expression vectors have been developed and refined whtch contain the strong promoter of the T7 gene 10 and allow the poslttomng of target genes under the transcrtptlonal control elements of the T7 promoter [3] Most of the described T7 expression vectors are plasmtds with a high-copy-number [3] , and this feature can greatly comphcate the stable clonmg of genes whose products are deletertous for cell growth and viability We experienced such a sttuauon during the characterization of the Eschertchza cob hns gene, encoding the nucleold-assocmted DNA-blndlng protein H-NS of E cob [4, 5] Cloning of hns and overproduchon of its gene product from multi-copy number plasmids is highly detrimental to cell growth [4] To alleviate these difficulties we developed a low-copy-number vector which contains the efficient T7 gene 10 promoter and demonstrated that this plasmid permits high level overproduction of H-NS [5] We describe below the constructmn and characterization of a new family of improved low-copynumber T7-promoter vectors and demonstrate that these plasmlds can be used for efficient overproduction of heterologous proteins despite their low-copy-number nature This feature makes them particularly useful for the cloning and highlevel overexpresslon of genes whose gene products are deleterious to the E cob host
Materials and Methods

Growth condtttons and bacterial strams
Bacteria were grown aerobically at 37°C either in rich LB medmm or in M9 minimal medmm with 0 2% glucose as the carbon source [6, 7] Plasmids were propagated in strata MC4100 [7] T7 RNA polymerase mediated overproduction of proteins was done in strain BL21 (ADE3) [2] Strain HF18 is a tsx TnlO derwatwe of strain BL21 and was used for plasmid pHF1 (tsx ÷) [8] mediated overproduction of the E cob Tsx protem
DNA mantpulauons
All manipulations of nucleic aods followed routine procedures [7] The nucleotide sequence of the multiple cloning sites of plasmlds pPD1, Fig 1 The T7 expression vectors pPD1, pPD100 and pPD101 A restriction map, the T7 promoter element and the multiple cloning site of (A) plasmld pPD1 (3 69 kb) and (B) plasmids pPD100 (3 52 kb) and pPD101 (3 52 kb) are shown (C) Nucleotlde sequence of the mulUple cloning site and the translaUon initiation elements in the T7 expression vectors pPD110 (3 525 kb), pPD111 (3 526 kb) and pPD112 (3 527 kb) All plasmids are derived from pPD100 The ribosome binding site (RBS) is underlined, and the translation initiation codon and reading frames in the three expression plasmlds are indicated Restrlctmn sites that are not umque are marked with asterisks (*) None of these vectors allows lacZ ot complementatlon Restrictions sites destroyed during the in vitro manipulations are shown m brackets pPD100, pPD101, pPD110, pPD111 and pPD112 (Fig 1) were confirmed by double-stranded DNA sequencing with the chain-termination method [9] using the lacZ (-40) primer
Plasm~d constructions
For the construction of pPD1 (Fig 1A) , an 89-bp PvuII-HmdIII fragment of the plasmid pT7-5 [1] containing the T7 gene 10 promoter region was Isolated and hgated into the SmaI and HmdIII site of plasmid pHSG575 [10] For the construction of plasmlds pPD100 and pPD101, the polyhnker sequences of the T7 expression vectors pT7-5 and pT7-6 [1] were exchanged with an 87-bp EcoRI-HmdIII DNA fragment carrying the extended multiple cloning site of plasmid pUC-BM20 (Boehringer Mannhelm), resulting in the vectors pPD98 and pPD99 In a second step, a PvuII-HmdIII fragment (134 bp) was isolated from pPD98 and inserted into the MvnI and HmdIII sites of pHSG575 [10] , yielding plasmid pPD100 (Fig 1B) To reverse the orientation of the multiple cloning site, a PvuII-EcoRI DNA fragment (133 bp) was prepared from pPD99 and cloned Into the MvnI and EcoRI sites of pHSG576 [10] , yielding plasmid pPD101 (Fig 1B) For the construction of T7 expression vectors providing translation initiation s~gnals, we amphfled by polymerase chain reaction the translation initiation elements from plasmlds pTrc97A, pTrc97B and pTrc97C [11] This DNA segment was amphfied by use of primer 1 (5'-GTG AGC GGA TAT CAA TTT CAC ACA GG-3') which generates an EcoRV restriction site, and primer 2 (5'-GCG GT-I" AGC TCC TTC GGT CC-Y) The obtained PCR fragments were digested with EcoRV and HmdIII and cloned Into pPD100 (Fig 1B) These constructions yielded plasmids pPD110 (3525 kb), pPD111 (3526 kb) and pPD112 (3 527 kb) (Fig 1C) A lacZ gene lacking its promoter was isolated as a 435-kb DraI restriction fragment from pMLB1010 [7] and inserted into the EcoRV site of plasmlds pPD100 and pPD101 (Fig 1B) , generating pPD129 and pPD130, respectively To construct a plasmld expressing a lacZ gene lacking its own transcriptional and translational initiation signals, a 3 14-kb EcoRI-DraI fragment from pNM482 [12] was Isolated and hgated Into vector pPD112 (Fig 1C) , which had been digested with EcoRI and Sinai yielding pPD124 A 2 75-kb PstI fragment encoding the galU gene was isolated from pGM7 [4, 13] and inserted into the unique PstI site of pPD110 (Fig 1B) yielding plasmld pPD114
T7 promoter mediated protein overproductton
For the overproduction of the E coh outer membrane protein Tsx, fresh overnight cultures of strain HF18 (pHF1), were diluted 100-fold either into M9 minimal medium with 0 2% glucose as the carbon source or into LB-rlch medium with chloramphemcol (30 /xg m1-1) to select for the pHF1 plasmld The cultures were grown at 37°C in a shaking water bath to mid-log phase (Asv 8 = 0 5-1), and the expression of the chromosomal T7 RNA polymerase gene under lacPO control was Induced by adding lsopropyl-fl-Dthiogalactopyranoside (IPTG) to a final concentration of I mM After 30 mln, rlfamplcln (200/xg ml-1) was added to the cultures to inhibit the E colt RNA polymerase [3] , and the cultures were shaken for an additional hour Ahquots (1 ml) were removed before and after reduction of the expression of the T7 RNA polymerase gene from each culture and the cells were pelleted by centrlfugatlon From the M9-and LB-grown cells a crude outer membrane preparation was prepared from 35 ml culture [14] Proteins from both the total cell extracts and the cell envelope proteins were resuspended in 40 /~l SDS sample buffer, solublhzed by boding for 5 min, and loaded onto a 12% SDS polyacrylamlde gel The cellular proteins were Vlsuahzed by staining with Coomass~e blue and Tsx-related polypeptldes were lmmunologically identified after transfer on an Immobllon membrane with a Tsx antiserum [14] For the overproduction of the cytoplasmic enzymes fi-galactosidase (flGal) and UTP a-D-glucose-iphosphate undylyltransferase (GaIU), plasmids carrying the corresponding lacZ and galU genes were transformed into strain BL21 (ADE3) and used for T7-mediated gene expression in cells grown in M9 mlmmal medium with 0 2% glucose as the carbon source The cultures were grown to mid-log phase and flGal and GalU overproductlon was performed as described above for the Tsx protein Ahquots (1 ml) were removed before and after induction from each culture Whole cellular extracts were prepared and resuspended m 40/zl sample buffer [7] The protein extracts of the flGal overproducxng cultures were electrophoretlcally separated on 7% SDS polyacrylamlde gels and those from GalU synthesizing cells were loaded on a 12% SDS polyacrylamlde gel Proteins were wsuahzed by staining with Coomassle blue
Results and Discussion
Constructton of the T7 expresston vector pPD1 and overexpresston of the Tsx protem
For the construction of low-copy-number vectors carrying the strong gene 10 promoter of phage T7, we used plasmld pHSG575 as the vector backbone This small plasmld (3 61 kb) confers resistance to chloramphenlcol and contams a multiple cloning site within the lacZ a gene derived from pUC8 [10] Replicatlon of pHSG575 is mediated by the pSC101 on sequences, yielding 6 to 8 copies of the plasmld per cell [15] A small restriction fragment carrying the strong phage T7 gene 10 promoter was isolated from the multi-copy plasmld pTT-5 [1] and mserted into pHSG575, resulting m the low-copynumber expression vector pPD1 (Fig 1A) To test the utthty of our T7 expression system for overproducing heterologous proteins, we used the E colt tsx gene as an example The tsx gene encodes an integral outer membrane protem (Tsx, 272 aa, M r 31418) that functions as a substratespeofic channel for nucleosldes and deoxynucleosides and is lmtlally synthesized with a 22-aa bacterial stgnal sequence peptide (Pro-Tsx) [8, 14] L~ke other integral proteins from the E colt outer membrane, Tsx ts deleterious to cell growth when overproduced [14] Plasmld pHF1 cames the tsx gene, mcludmg its own transcnpttonal and translational regulatory sequences, it therefore medmtes low-level tsx expression even under non-reducing condtttons [8] For the overexpression experiments, plasmld pHF1 was transformed into strain HF18, a tsx TnlO denvahve of strata (Fig 2A) whose identity with the Tsx protein was proven by Western blot analysis (Fig 2B) Plasmld pHFl-&rected overexpression of Tsx also caused the massive accumulation of the Pro-Tsx protein which can normally not be detected due to ~ts efficient processing The high rate of Pro-Tsx production overwhelms the cellular machinery that mediates Tsx secre-tmn and thus causes the pronounced accumulatmn of the Pro-Tsx protem
Constructton and properttes of the low-copy-number T7 expresston vectors pPDIO0 and pPDI01
The data presented above show that the lowcopy-number T7 promoter plasmld pPD1 can be used for the efficient overproductmn of proteins tn E cob To tmprove the utility of th~s expression vector system, we expanded the multiple cloning stte and removed the lac promoter present in pPD1 (Fig 1A) These plasmld constructmns ytelded two chloramphenlcol reststant lowcopy-number T7 expressmn vectors, pPD100 (3 52 kb) and pPD101 (3 52 kb), allowing convement cloning of heterologous genes in both onentatmns (Fig 1B) To test these vectors, we inserted a promoterless lacZ gene mto pPD100 and pPD101 and expressed it m strata BL21 (ADE3) under T7 control Both plasmlds directed the masswe synthesis of fl-galactosldase (/3Gal) under reducing condtttons, but there was very little /3Gal productton m non-mduced cells (Fig 3A) Thus, both pPD100 and pPD101 can be used to achieve strong overproductton of recombinant proteins
pPDllO, pPDlll and pPDll2 T7 expresston plasmtds for placmg cloned target genes under vector provided translattonal mttlatton signals
Using pPD100 (F~g 1B) as the plasmld backbone we developed a set of low-copy-number T7 vectors that provide translation mtttatmn elements that are followed by a multiple cloning site and permit subclonlng tn any one of the three reading frames For the constructmn of these plasmlds, we capltahzed on the multi-copy pTrc 97A, pTrc97B and pTrc97C expressmn vectors that carry the lacZ ribosome binding s~te, an appropriately posttloned ATG start codon and a modified multlple cloning site of pUC18 [11] DNA segments carrying the translatmnal mmatmn elements and the adjacent multiple clonmg s~te of pTrc97A, pTrc97B, and pTrc97C were amphfied by polymerase chain reactmn and inserted mto the multiple clonmg site of pPD100, yielding the low-copy-number expression vectors pPDll0, pPDlll and pPDll2 (Fig 1C) To study The galU gene encodes a cytoplasmic UTP a-o-glucose-l-phosphate urldylyltransferase (GalU) [13] Following the induction of the T7 expression system, the GalU protein was very strongly produced, an example for this overproduction is documented m Fig 3C Thus , plasmlds pPDll0, pPDlll and pPDll2 can also be used as efflctent transcription T7 expresston vectors, slmdar to low-copy-number T7 promoter plasmlds characterized above To test the use of these plasmlds for the expression of genes lacking their own transcrlptton and translatton tmtlatlon elements, we fused a 'lacZ gene m all three reading frames to the ATG start codon present m the multiple clonmg site of plasmtds pPDll0, pPD111 and pPDll2 ( Fig 1C) and monitored /3Gal synthesis in strata BL21 (ADE3) /3Gal was readdy detected m whole cell extracts followmg induction of T7-medmted lacZ expression ( Fig  3B) 25 into the multi-copy T7 expression vector pT7-5 [18] (2) Although rephcatlon of the pPD-T7 vectors Is mediated by ort sequences derived from the low-copy-number pSC101 rephcon, high-level heterologous gene expresston under T7 control can be reliably achieved We observed low-level basal gene expression m non-reduced cell cultures and efflcmnt protein overproduction after induction of T7 RNA polymerase synthesis Several spectal-purpose low-copy-number vectors have been constructed whmh contam the T7 gene 10 promoter [15, 17] However, the utility of lowcopy number vectors for htgh-level overproduction of recombinant proteins has not been widely apprectated (3) The pSC101 ort of the pPD-T7 vectors is compatible with the frequently used high-copynumber ColEl-derlved plasmtds and can thus coexist wtth other vectors m the same cell allowing co-overproduction of different proteins Commercially available M13 lacZ a and T7 primers permit double-stranded DNA sequencing of the cloned DNA fragments
Conclusions
The low-copy-number T7 promoter vectors described here have a number of desirable features that make them mterestmg alternatives to other T7 expression vectors [1] [2] [3] (1) Their low-copy-number and the extended multiple cloning site permit the cloning of genes whose gene products are deletertous to the E coh host and which therefore can often not be stably estabhshed in high-copy-number expression plasmtds The utdlty of plasmld pPD1 for the overproduction of toxic proteins has already been proven We have used this plasmld successfully to massively overproduce the E coh nucleold-assoelated DNA bmdlng protein H-NS [5] , which ts highly detrimental for cell growth and vtabfllty even when expressed from its own promoter on a low-copy-number plasmld [4] Others, have employed pPD1 to clone and express vtrK an essential virulence gene for the lntracellular spreading of Shtgella flexnert, whtch could not be cloned
